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Edited by Francesc PosasAbstract The transcription factor NFAT1 is activated through
dephosphorylation of multiple serine residues, contained within
the SRR1 and SP motifs. The phosphorylation status of these
motifs regulates the subcellular localisation of NFAT1 via a con-
formational switch. Here, we discuss two molecular mechanisms
for NFAT1 activation that resemble network-oriented ap-
proaches. In the modular mechanism, import and export are reg-
ulated separately by the SRR1 and SP motifs, respectively,
whereas in the concerted model all residues jointly control both
processes. Using simulations of a computational model, we show
that both mechanisms may be compatible with recent experimen-
tal data on the import and export kinetics of NFAT1.
 2004 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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One of the major challenges in cell biology is to understand
how metabolic, signalling and genetic networks are structur-
ally organised and function as dynamical systems. For several
decades, research in molecular biology has been very success-
ful by focusing on the behaviour of the individual cellular
components. However, it is now increasingly realised that
biological functions can rarely be assigned to an individual
molecule and, instead, emerge from complex interactions be-
tween the numerous cellular components, such as proteins,
DNA, RNA and small molecules. A recent approach at-
tempts to explore the modular organisation of biological
functions. Accordingly, intracellular networks can be divided
into discrete entities of locally and temporally interacting
components performing an identiﬁable task, like the modules
for DNA replication and protein synthesis [1]. Within meta-Abbreviations: NES, nuclear export signal; NLS, nuclear localisation
signal; SP region, serine and proline-rich region; SRR region, serine-
rich region; NFAT, nuclear factor of activated T-cells; MAP kinase,
mitogen-activated protein kinase; CKI, casein kinase I; GSK3, glyco-
gen synthase kinase-3; CsA, cyclosporin A; LMB, leptomycin B; LiCl,
lithium chloride; NMR, nuclear magnetic resonance; FRET, ﬂuores-
cence resonance energy transfer
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dynamically interconnected through biochemical reactions,
the presence of functional modules is, however, not evident
from the network structure. Rather, a highly integrated mod-
ule-free organisation has been proposed [2]. Both network-
oriented approaches may be extrapolated to the molecular
level, where a large amount of residues such as phosphate,
acetyl, methyl, and others are arranged into functional do-
mains and motifs that regulate nucleocytoplasmic transport,
DNA binding, transcriptional activity, and other functions
[3]. Here, we discuss the dilemma of a modular versus a
highly integrated module-free organisation using as example
a very intriguing protein with a complex molecular organisa-
tion: the transcription factor NFAT1. Thereto, we analyse
recent and past experiments of Okamura et al. [4,5] that illus-
trate the role of diﬀerent types of phosphoserine motifs on
the subcellular localisation of NFAT1.
NFAT1 is one of four calcium-regulated members of the
NFAT family of transcription factors. NFAT proteins are
central regulators of gene expression necessary for an eﬀec-
tive immune response and in a variety of developmental pro-
cesses [6–8]. In resting cells, NFAT1 is maintained in the
cytoplasm by phosphorylation of multiple serine residues lo-
cated in its regulatory domain [4]. Most of these serine res-
idues are contained within two distinct types of serine-rich
sequence motifs, the SRR1 and SP motifs, which are con-
served within the NFAT family. Upon cell stimulation, 13
of these serine residues are dephosphorylated by the cal-
cium-dependent phosphatase calcineurin and NFAT1 is
transported into the nucleus [4]. When stimulated cells are
treated with calcium chelators or the calcineurin inhibitor
cyclosporin A (CsA), NFAT1 is rapidly rephosphorylated
and exported out of the nucleus. Several kinases, including
glycogen synthase kinase 3 (GSK3) and casein kinase I
(CKI), have been proposed to maintain the inactive, phos-
phorylated state of NFAT proteins in resting cells and/or
to rephosphorylate activated NFAT when calcium concen-
tration decreases [6–8]. In addition, mass spectrometry and
systematic mutational analysis showed that dephosphoryla-
tion of all 13 residues is required to cause exposure of a nu-
clear localisation signal (NLS), mask a nuclear export
sequence (NES) and promote maximal transcriptional activ-
ity [4]. The binding of the NLS to the transport machinery
of the nuclear pore complex mediates nuclear import, while
the masking of the NES prevents nuclear export. Nonethe-
less, the molecular mechanism that links the phosphorylation
state of NFAT1 to the exposure of the NLS and NES, and,blished by Elsevier B.V. All rights reserved.
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remains to be elucidated. Moreover, it is not clear how
the phosphorylation status of so many serine residues con-
tributes to regulate the subcellular localisation and function
of NFAT1.
In a previous work, Okamura et al. [4] proposed that
changes in phosphorylation state of NFAT1 modify the prob-
ability with which it assumes an active conformation. They ob-
served that NFAT1 molecules enter the nucleus at a slow rate
in unstimulated cells when nuclear export is blocked, indicat-
ing that even fully phosphorylated NFAT1 can attain the ac-
tive conformation but with a low probability. Thus, instead
of creating a new structural conformer, as in the Koshland–
Nemethy–Filmer model of allostery [9], NFAT1 dephospho-
rylation likely shifts a pre-existing equilibrium between
functionally distinct conformations, resembling the Monod–
Wyman–Changeux model of allostery [10]. This ‘‘new view’’
of protein function, as it was recently called by James and
Tawﬁk, has gained strength in the last years thanks to experi-
mental evidences using new solution-based techniques, like
NMR and FRET, as well as single molecule techniques [11].
However, although such an allosteric control is well accepted
for multidomain proteins, the regulatory mechanism inducing
allostery arising from covalent modiﬁcations of a single regu-
latory domain is not clear [12]. A plausible hypothesis is that
NFAT1 dephosphorylation promotes allosteric conforma-
tional changes by disrupting several interactions of phosphor-
ylated residues with complementary sequences on NFAT1
itself and on associated proteins [8]. The requirement of multi-
ple dephosphorylation events to induce this conformational
switch increases the sensitivity of NFAT1 to changes in calci-
neurin activity, deﬁning a threshold for full activation of
NFAT1 [13].2. Models of NFAT1 activation based on a conformational
switch
Through systematic mutational analysis, Okamura et al. [4]
found conspicuous diﬀerences in the regulation of the subcellu-
lar localisation of NFAT1 by the two major classes of con-Table 1
Observed subcellular distribution of NFAT1 using S/A substitutions of the S
predicted by the concerted and modular models
Experimental conditions NFAT1 mutant/kinase inhibitor
Import kinetics of mutants in
resting cells
Wild type (fully phosphorylated)
SRR1 mutant
(SRR1 unphosphorylated)
SP mutant
(SP unphosphorylated)
SRR1-SP mutant
(SRR1/SP unphosphorylated)
Export kinetics with kinase
inhibitors (Ionomycin addition
followed by CsA addition)
No inhibitor (fully phosphorylated)
CKI7 (SRR1 dephosphorylated)
LiCl (SP dephosphorylated)
CKI7-LiCl (SRR1/SP dephosphorylated)
aNot coinciding with the experiments.served serine motifs in the NFAT1 regulatory domain.
Serine-to-alanine substitutions in the ﬁrst serine-rich region
(SRR1), mimicking dephosphorylation of these residues,
showed signiﬁcant nuclear localisation of NFAT1 in resting
cells. This clearly diﬀers from the cytoplasmic localisation of
the wild-type protein. In contrast, NFAT1 proteins bearing
mutations in the serine-proline repeat motifs (SP) remained
fully cytoplasmic. A mutant with substitutions in both SRR1
and SP motifs, which resembles completely dephosphorylated
NFAT1, exhibited more striking nuclear localisation than
the SRR1 mutant. In cells stimulated with the calcium iono-
phore ionomycin, both wild-type and mutant proteins
achieved a complete nuclear localisation. These observations
are consistent with two models of NFAT1 activation involving
a conformational switch: a concerted model and a modular
model that resemble, respectively, the highly integrated mod-
ule-free organization and the modular organisation observed
in intracellular networks. The upper part of Table 1 summa-
rises the experimental results on the import kinetics of NFAT1
with mutants compared to the behaviour predicted by the two
models, which will be discussed below.
2.1. Concerted or two-conformation model
In the concerted model, dephosphorylation of the SRR1 and
SP motifs jointly regulates the exposure of the NLS and the
masking of the NES (Fig. 1(a)). NFAT1 proteins can exist in
two functionally distinct conformations: an importable or ac-
tive conformation in which the NLS is exposed, the NES
masked, and NFAT1 is translocated into the nucleus, and an
exportable or inactive conformation in which the NLS is
masked, the NES is exposed, and NFAT1 is exported from
the nucleus. The probability of the exportable conformation
is high in the fully phosphorylated state, while dephosphoryl-
ation of both SRR1 and SP motifs progressively increases
the probability that an individual molecule of NFAT1 will
be found in the importable conformation.
Can the mutation experiments of Okamura et al. be ex-
plained by a two-conformation mechanism? If we assume that
each phosphate residue, irrespective of the type of motif, con-
tributes a constant free energy increment to stabilise the inac-
tive or exportable conformation, one should expect a similarRR1 and SP motifs and kinase inhibitors compared to the behaviour
Observed subcellular
localisation of NFAT1
Preferred conformations by the
models
Concerted
model
Modular model
Cytoplasmic Exportable Exportable
Cytoplasmic and Nuclear Exportable and
importable
Shuttling
Cytoplasmic Exportable Non-transportable
Nuclear Importable Importable
Cytoplasmic Exportable Exportable
Cytoplasmic and Nuclear Exportable and
importable
Shuttling
Cytoplasmic Exportable Non-transportablea
Nuclear Importable Importable
(a)
(b)
Fig. 1. Concerted and modular mechanisms of NFAT1 activation. In both mechanisms, NFAT1 activation results from changes in the
conformational equilibria between two or more structures that are regulated by the phosphorylation state of the protein. For simplicity, only the
predominant conformations for each phosphorylation state have been represented in the cytoplasmic compartment. These conformations may also
be present in the nucleus (not shown in the diagram). (a) Concerted mechanism: Phosphate residues of both SRR1 and SP motifs control import/
export of NFAT1. The importable and exportable conformations are favoured in the fully dephosphorylated and fully phosphorylated states,
respectively. It was assumed that the SRR1 motif is ﬁrst dephosphorylated. Thus, for intermediate levels of phosphorylation both conformations
exhibit similar probabilities. (b) Modular mechanism: Import and export processes are regulated by conserved serines of the SRR1 and SP regions,
respectively. As in the concerted mechanism, most phosphorylated molecules attain an inactive form, while full dephosphorylation of NFAT1
increases the probability of the active conformation. The shuttling conformation prevails when the SP region is phosphorylated. By contrast,
phosphorylation of the SRR1 region promotes a non-transportable conformation.
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and the SP mutant. This is, however, contradicted by the
experimental ﬁndings of Okamura et al. exposed above. The
diﬀerences observed in the subcellular localisation between
the SRR1 and SP mutants presumably result from a major
contribution of the phosphoserines within the SRR1 region
in favouring the exportable form. This is depicted in the energy
diagram of Fig. 2, where the free energy diﬀerence DG between
the importable and exportable conformations of NFAT1 is
represented for diﬀerent phosphorylation states. The import-
able and exportable forms will predominate, respectively,
when DG > 0 and DG < 0, while NFAT1 molecules will spend
the same amount of time in each conformation when DG = 0.
The model predicts that the energetic contribution of the
SRR1 region (dGSRR) is larger than that of the SP motifs
(dGSP).
According to the prediction of asymmetric energetic contri-
butions of the two types of motifs, dephosphorylation of the
SRR1 region (SRR1 mutant) partially tilts the conformational
equilibrium toward the importable form, causing incompletenuclear localisation of NFAT1 (cf. numerical simulation of
the nuclear import kinetics shown in Fig. 3(a), blue line, 0–
60 min). On the contrary, with the SP mutant, mimicking
dephosphorylated SP motifs, the conformational equilibrium
is practically not aﬀected, and mutant protein remains local-
ised in the cytoplasm (Fig. 3(b), dashed line, 0–60 min). In
both cases, model predictions are in concordance with the pat-
terns of subcellular localisation experimentally observed for
the SRR1 and SP mutants in resting cells. Moreover, complete
dephosphorylation of NFAT1 (mutations on both motifs)
notably increases the probability of the importable conforma-
tion, triggering full translocation of NFAT1 into the nucleus
(Fig. 3(a), red line, 0–60 min). The exportable conformation
will be preferred in fully phosphorylated proteins (wild type),
retaining NFAT1 in the cytoplasmic compartment (Fig. 3(a),
green line, 0–60 min).
2.2. Modular or four-conformation model
In an alternative model, the conserved SRR1 and SP motifs
behave as individual modules that regulate import and export
Fig. 2. Diagram of free energy diﬀerence between the exportable and importable conformations for the concerted mechanism. The free energy
diﬀerence DG between the exportable and importable conformations is represented in the diagram for the following phosphorylation states: fully
dephosphorylated protein (ﬁrst column), protein with phosphorylated SP motif (second column), protein with phosphorylated SRR motif (third
column), and fully phosphorylated protein (fourth column). The importable conformation is preferred if DG > 0 (upper part), both conformations
are present in similar concentration if DG = 0 (dashed line), and the exportable conformation is favoured if DG > 0 (lower part). The energetic
contribution of the SP and SRR phosphates to stabilise the inactive conformation is represented by dGSP and dGSRR, respectively. dGint denotes an
energy increment that may originate from the interaction between the SP and SRR phosphates.
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tus of the SRR1 motif controls the relative exposure of the
NLS and, thereby, the nuclear translocation of NFAT1, while
dephosphorylation of the SP region masks the NES, inhibiting
its export out of the nucleus. In this schema, NFAT1 molecules
may assume four distinct states: an importable conformation
in which the NLS is exposed and the NES is masked, the reci-
procal exportable conformation in which the NLS is masked
and the NES is exposed, a nucleo-cytoplasmic shuttling con-
formation in which both NLS and NES are exposed, and a
non-transportable conformation in which both NLS and
NES are masked. The probability that an individual molecule
will assume a particular conformation depends on the phos-
phorylation status of the SRR1 and SP motifs. For fully phos-
phorylated NFAT1, most molecules will be in the exportable
conformation. Dephosphorylation of the SRR1 region in-
creases the probability that NFAT1 assumes the shuttling con-
formation, whereas the non-transportable conformation will
be preferred when only the SP region is dephosphorylated.
Complete dephosphorylation of the serines contained in both
motifs shifts the equilibrium in the direction of the importable
conformation.
As in the concerted model, the importable and exportable
conformations are favoured in the fully dephosphorylated
and fully phosphorylated states, respectively. Although the
behaviour predicted for the SRR1 and SP mutants is also con-
sistent with the experiments of Okamura et al. [4] on the nucle-
ar translocation of NFAT1, it has a diﬀerent molecular basis
than in the two-conformation model. While in the concerted
approach, the SRR1 and SP mutants diﬀer from each other
in the probabilities of occurrence of the importable and export-
able forms, in the modular approach these mutants would as-
sume other functionally distinct conformations that are absent
from the concerted model. Thus, the SRR1 mutant adopts a
shuttling conformation, bringing about complete nuclear
translocation of NFAT1 in cells treated with the nuclear ex-
port inhibitor LMB. By contrast, a non-transportable confor-
mation prevails in SP mutants that are retained in the
cytoplasm even in LMB-treated cells.
A recent report of Okamura et al. [5] studying the identity of
the kinases that regulate NFAT1 activation furnishes argu-ments in favour of a modular mechanism. They found that
the NFAT1 serine motifs are regulated by distinct kinases.
The kinase CKI only targets the SRR1 motifs, being associ-
ated with NFAT1 in a high-molecular-weight complex in rest-
ing cells. Mutation of a conserved docking site for CK1 in
NFAT1 proteins disrupts the CKI-NFAT1 complex and, thus,
induces abnormal nuclear localisation of NFAT1 in resting
cells. On the other hand, the kinase GSK3 does not phosphor-
ylate the SRR1 region but can target the SP motifs after a
priming phosphorylation, functioning as an NFAT1 export
kinase. Indeed, the serine residues are arranged within the
SRR1 and SP motifs deﬁning consensus sequences for CKI
and GSK3, respectively. Using speciﬁc inhibitors for each
NFAT1 kinase, CKI-7 for CKI and LiCl for GSK3, similar re-
sults for NFAT1 nuclear import were obtained as with the
mutational analysis previously reported. Moreover, Okamura
et al. observed that dephosphorylation of the SP motifs in-
creases NFAT1 binding to DNA, while SRR1 mutants only
exhibited partial transcriptional activity. Thus, a modular
organisation of NFAT1 functions would consist in the regula-
tion of nuclear import by the SRR1 motif, while the SP motif
controls nuclear export and DNA binding aﬃnity.
2.3. Concerted and modular models diﬀer in the kinetics of
nuclear export
In the same study, Okamura et al. [5] also investigated the
kinetics of NFAT1 nuclear export, observing striking diﬀer-
ences between normal T cells and those treated with the ki-
nase inhibitors CKI and LiCl. Normal cells and cells
incubated with the inhibitors were ﬁrst stimulated with ion-
omycin to induce dephosphorylation and nuclear import of
NFAT1, and, then, the calcineurin inhibitor CsA was added
to initiate rephosphorylation and nuclear export. We have
also simulated this experimental protocol in the two models.
The observed export kinetics of NFAT1 and the behaviour
predicted by the models are outlined in the lower part of
Table 1.
Okamura et al. noted that nuclear export was practically
complete in wild-type cells after 30 min of CsA treatment,
indicating that the SRR1 and SP motifs were rephosphory-
lated (Fig. 3(a), green line, 120–180 min). On the other side
(a)
(b)
Fig. 3. Kinetics of NFAT1 activation and deactivation for the
concerted and modular mechanisms. Shown are numerical simulations
of the nuclear translocation kinetics for cells treated with the kinase
inhibitors CKI-7 and LiCl and untreated cells. Note that complete
inhibition of the SRR1 kinase CKI (by CKI-7) and the SP kinase
GSK-3 (LiCl) is equivalent to S/A mutations in the SRR1 and SP
motifs, respectively. (a) Similar translocation kinetics are obtained for
the concerted and modular mechanisms in the following situations:
normal cells (green line), CKI7-LiCl addition/SRR1-SP mutant (red
line), and CKI7 addition/SRR1 mutant (blue line). (b) The translo-
cation kinetics diﬀers between the concerted model (dashed line) and
the modular model (solid line) in the case of a LiCl addition/SP
mutant. These simulations are the solution of diﬀerential equations
derived from our mathematical analysis of the conformational switch
mechanism [13]. Simulated protocol: 0–60 min, cell remains unstim-
ulated; 60–120 min, addition of the calcium ionophore ionomycin
triggers nuclear import of NFAT1; 120–180 min, addition of the
calcineurin inhibitor cyclosporine induces exit of NFAT1 out of the
nucleus.
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most completely nuclear in cells treated with both inhibitors
even one hour after CsA addition (Fig. 3(a), red line, 120–
180 min). These observations are consistent with the behav-
iour predicted by both models, according to which the
exportable and importable conformations are preferred in
fully phosphorylated and fully dephosphorylated NFAT1
proteins, respectively. In CKI-7-treated cells (equivalent to
the SRR1 mutant), Okamura et al. observed that NFAT1
was equally distributed between the nucleus and cytoplasm
after one hour of CsA addition (Fig. 3(a), blue line, 120–
180 min). Since only the SP motif is rephosphorylated, such
a subcellular distribution could be explained either by an
equilibrium between the importable and exportable confor-
mations (in the concerted model), or by a nucleocytoplasmic
shuttling of a conformation exposing both NLS and NES (in
the modular model).Remarkably, they found that in cells treated with the
GSK3 inhibitor LiCl NFAT1, initially localised in the nu-
cleus by calcium inﬂux, became predominantly cytoplasmic
after one hour of CsA addition. In LiCl-treated cells only
the SRR1 should be rephosphorylated, so that the behaviour
should be equivalent to the SP mutant. Diﬀerent behaviours
are predicted for this phosphorylation status by the concerted
and modular mechanisms. The observed complete export
from the nucleus in the presence of LiCl and CsA coincides
with the behaviour of the concerted model, when the SP mo-
tifs cannot be phosphorylated (Fig. 3(b), dashed line, 120–180
min). This is explained by a major contribution of the SRR1
serines to stabilising the exportable conformation, which
would therefore be favoured when only the SRR1 motif is
rephosphorylated. By contrast, the modular model predicts
that a distinct conformation masking both NLS and NES
is preferred under these conditions. Thus, NFAT1 would re-
main localised in the nucleus, contradicting the results ob-
tained by Okamura et al. in LiCl-treated cells (Fig. 3(b),
solid line, 120–180 min). However, a caveat to this conclusion
is the fact that approximately 10–20% of kinase activity re-
mains despite inhibitor treatment. Then, a partial rephosph-
orylation of the SP motif in LiCl-treated cells is also
conceivable. In this case, NFAT1 proteins would assume
the exportable conformation, becoming predominantly local-
ised in the cytoplasm. Additional experiments using muta-
tional analysis instead of kinase inhibitors to analyse the
kinetics of NFAT1 nuclear export may help distinguish be-
tween both mechanisms. In particular, it would be helpful
to conduct the described export experiment with the SP mu-
tant. The nuclear retention of the SP mutant after CsA appli-
cation would support the modular model, while its re-export
from the nucleus would argue strongly in favour of a con-
certed conformational transition.
2.4. Coordination between the SRR1 and SP motifs
Another aspect to examine here is whether there exists any
coordination between the two types of serine motifs, even in
a modular mechanism. Is there a hierarchical order of phos-
phorylation and dephosphorylation for NFAT1 molecules or
can the SRR1 and SP motifs be randomly modiﬁed? Okam-
ura et al. found that the SRR1 mutant is more sensitive to
dephosphorylation by calcineurin than the wild-type NFAT1.
This suggests that the SRR1 region, located immediately
adjacent to the major calcineurin docking site, is readily
dephosphorylated by calcineurin [4]. Moreover, a sequential
rephosphorylation of NFAT2 from the SP to the SRR1 mo-
tifs has been suggested [14]. This implies the existence of an
intermediate phosphorylation state in which the SRR1 is
unphosphorylated and the SP motif phosphorylated. In the
concerted schema, the importable and exportable conforma-
tions will be equally probable in this state. For the modular
schema, these observations mean that partially phosphory-
lated molecules will likely attain the shuttling conformation
instead of the non-transportable conformation. Taking to-
gether, NFAT1 proteins will undergo, upon cell stimulation,
a conformational transition from an exportable conformation
that dominates in the fully phosphorylated state to an
importable conformation that dominates in the fully dephos-
phorylated state, passing through partially dephosphorylated
states where NFAT1 proteins are distributed between both
subcellular compartments.
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Which advantages does a modular organisation bring to
NFAT1 activation? The fact that the SRR1 and SP motifs
play distinct roles in NFAT1 activation and that they are
regulated by diﬀerent kinases allows a ﬁne-tuning of this
process at several distinct regulatory levels, including nucleo-
cytoplasmic traﬃcking, DNA binding, and transcriptional
activation. Modular regulation of NFAT by distinct kinases
also enables an individual control of each member of NFAT
family. The control of NFAT activation by the same phos-
phatase and several kinases, which in turn are modulated
by distinct intracellular signalling pathways, may explain
the distinct patterns of subcellular localisation exhibited by
individual NFAT proteins in a single cell. Such a modular
mechanism involves a nucleocytoplasmic shuttling of an
intermediate conformation that makes the dose-response
curve of NFAT1 less steep compared with the concerted
module-free mechanism. However, the continuous shuttling
between the nucleus and the cytoplasm for intermediate lev-
els of phosphorylation can promote a rapid activation of
NFAT1 when the calcium signal exceeds a speciﬁc threshold
and a rapid shutoﬀ when the stimulus decays.
Does a modular organisation mean that the SRR1 and SP
motifs independently regulate NFAT1 activation? The exper-
iments of Okamura et al. showed that modiﬁcation of the
conserved serine residues within the motifs is concertedly
and hierarchically regulated by calcineurin, CKI, GSK3
and, possibly, other kinases and partner proteins. The hier-
archical connectivity between the SRR1 and SP regions dur-
ing the processing of their conserved residues seems to be
correlated with the function that each motif performs. Thus,
the SRR1 region, which maintains the cytoplasmic localisa-
tion of NFAT1 in resting cells, is early dephosphorylated
by calcineurin, whereas the SP region, responsible for
DNA binding and export out of the nucleus when the signal
declines, is thereafter dephosphorylated and likely ﬁrst
rephosphorylated.
The relation between NFAT phosphorylation and its aﬃnity
for DNA target sequences is a crucial problem in need of fur-
ther study. There is clear evidence that the phosphorylation
state determines DNA binding, and several phosphorylation
sites have been implicated, again pointing to a modular orga-
nisation [4,8]. Our preliminary modelling indicates that strong
eﬀects of DNA binding on the nuclear retention of NFATs can
occur when DNA-protein interactions compete with the asso-
ciation of NFATs with nuclear kinases that rephosphorylate
the SP motifs and thereby lower the DNA aﬃnity. Interest-
ingly, recent work on Stat transcription factors that also un-
dergo nuclear transport has described such a mechanism.
Here, DNA binding protects Stat1 from a dephosphorylation
that would abolish its DNA aﬃnity [15].
Modular architecture represents a natural property of tran-
scription factors. Transcriptional regulators are composed of
two separable functional domains: a DNA-binding domain,
which interacts with speciﬁc DNA sequences, and a regulatory
domain, which interacts with other proteins to stimulate tran-
scription. This modular construction of transcription factors
allows ﬂexibility in the design of molecules that regulate the
expression of speciﬁc genes by modifying the functional
domains, particularly the DNA-binding domain, with non-nat-
ural counterparts containing new DNA-binding speciﬁcities[16]. Engineered transcriptional elements can be applied to elu-
cidate regulatory properties of intracellular signalling pathways
and might have therapeutic applications. The existence of such
a modular organisation within the regulatory domain of tran-
scriptional regulators, like NFAT1, constitutes an important
element to be considered for future design of these artiﬁcial
transcription factors. By modifying these functional motifs,
other aspects of transcriptional regulators could be controlled
such as conformational transitions, nucleocytoplasmic traﬃck-
ing, degradation and interactions with other proteins, provid-
ing a higher degree of speciﬁcity in transcriptional control
and a graded response to physiological and therapeutic stimuli.
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